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This volume is part of a Bulletin Series inaugurated by the Yale School of
Forestry & Environmental Studies in 1912. The Series contains important
original scholarly and applied work by the School’s faculty, graduate
students, alumni, and distinguished collaborators, and covers a broad range
of topics.
Bulletins 1-97 were published as bound print-only documents between 1912
and 1994. Starting with Bulletin 98 in 1995, the School began publishing
volumes digitally and expanded them into a Publication Series that includes
working papers, books, and reports as well as Bulletins.
To celebrate the centennial of publishing at the school, the long out-of-print
Bulletins 1-97 were scanned to make them available as pdfs to a broader
audience. A caution: the scanning process is not perfect, especially for print
documents as old as some of these, so the readers’ indulgence is requested for
some of the anomalies that remain despite our best efforts to clean them up.
Everything published from 1912-present is available on the School’s website
(http://environment.yale.edu/publications) for free download. Nothing
in the Series requires copyright permission for reproduction when intended
for personal or classroom use.
Bound copies of everything published in the Series from 1912 to the present
are also available in the Yale University libraries and archives and can best
be accessed by contacting the School of Forestry & Environmental Studies
librarian.
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INTRODUCTION
INCE THE middle of the nineteenth century a considerable amount of i.nterest has been shown in the developmental anatomy of pines. The bulk of the
investigative work is concerned with fertilization and early embryogeny (cf.
Hofmeister, 1851, 1858; Strassburger, 1879; Coulter, 1897; Blackman, 1898;
Dixon, 1894; Chamberlain, 1899, 1935; Ferguson, 1904; Kildahl, 1907; Stopes
and Fujii, 1907; Saxton, 1909; Buchholz, 1918, 1926, 1931; Wakagama, 1929;
Schnarf, 1933, 1937; Haupt, 1941; Johansen, 1950; Hakansson, 1956; McWilliam and Mergen, 1958; Takao, 1959;Sarvas, 1962; Berlyn and Passof, 1965;
Camefort, 1964, 1965, 1965b). There is considerably less information on later
stages of embryo development (Buchholz, 1945, 1946; Buchholz and Steimert,
1945; Spurr, 1949, 1950; Takao, 1959, 1960; Berlyn, 1962) and still less on
germination (Carpenter, 1941; Goo, 1952, Unger, 1954). Developmental studies
have been made on the stem apex in Pinus banksiana (Chouinard, 1959), and
Pinus lambertiana· (Sacher, 1954; Fosket and Miksche, 1966). Thus pine is anatomically one of the best understood genera in a classical sense. Recently a
number of experimental studies have also been conducted on the genus (e.g.
Haddock, 1954; Sacher, 1956; Bartels, 1957a, 1957b; Stone, 1957; Brown and
Gifford, 1958; Partanen and Gifford, 1958; Berlyn, 1962; Engvild, 1964; Berlyn
and Miksche, 1965; Greenwood and Berlyn, 1965). Nevertheless, despite the
wealth pf specific information, there is still a lack of detailed information on the
anat0I'rl.Y of germination.
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OBJECTIVES
HIS STUDY was designed to establish a controlled experimental system
with a firm anatomical basis for quantitative studies of cell wall structure,
function, and regulation. The first prerequisite for such quantitative developmental studies is the ability to identify the cells of interest at the earliest ontogenetic
stage and to follow these cells through maturation, senescence, and death. This
type of information is not available for the germination phase in Pinus and is in
fact lacking for most plant species; an admirable exception is the beautiful
developmental study of Zea mays by Sass (1955).
The present investigation describes the anatomy and morphology of the mature embryo and developing seedling (from 0 to 120 days after germination) of
sugar pine (Pt.'nus lambertiana Doug!.). Developmental phases of each cell type
are illustrated and discussed with reference to their occurrence under controlled
environmental conditions. The developmental span ·includes the differentiation
of the vascular cambium and inception of secondary vascular tissues. In view of
.the literature available and the objectives of this study, the main emphasis is on
anatomy, especially xylem anatomy, of the upper hypocotyl region (viz. the
portion just below the insertion of the cotyledonary traces). This tissue region is
especially well suited for the further intensive experimental and cytochemical
studies (cf. Chamberlain, 1935, p. 274) because of its stem-like anatomy coupled
with its freedom from phyllotactic a~d plastochronic complications. (For a
general discussion of the phyllotaxis-plastochron concept see Esau, 1965a, and
fot information on phyllotactic variations in pine see Mergen et al., 1966.)
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THE STRUCTURE OF GERMINATION
rescein; and (5) Feulgen. In the Feulgen procedure the Schiff's reagent was
prepared according to Sass (I958) and Lillie (I95I), while the staining procedure was that of Leuchtenberger (I958, p. 242) with the exception that two
changes of bleach were found to be sufficient.
Macerations were prepared from fixed material by a pectinase technique. After fixation, the tissue slices were washed and placed in a solution of 4 percent
pectinase (Sigma Chemical Company, St. Louis, Mo.) in 0.25 percent peptone
for IO-12 hours at 37°C,. Subsequently, the tissues are washed and pipetted
onto a slide containing Haupt's adhesive. After drying, the slides can be processed like normal paraffin sections.
Microscopic observations were made with bright-field, polarized light, phase
contrast, interference, and fluorescence (UV and blue light) microscopy and
with microspectrophotometry. Autoradiographic and fluorescence tracing studies
were' also performed but results of these studies will be presented elsewhere.
Microscopic measurements of cellular dimension were made by microprojection
methods similar to those described previously (Berlyn, I959, I96I). The present
instrument was built by the author and consists of a horizontal microscope
mounted on a specially constructed optical bench with a 6V I8 amp. ribbon
filament lamp and an American Optical right-angle glass prism to effect vertical
projection of the image. A three element aplanatic-achromatic condenser ' (NA
I.40) and Zeiss plan-apochromatic objectives were employed. Numerical aperture and field size were adjusted by removing condenser lenses and the entire
system was centerable along the optic axis. Measurements -of cell nuclei and
nucleoli were generally made with a filar micrometer eyepiece using a homogeneous immersion system, i.e. constant index of refraction from the top lens of
the immersion condenser to the front lens of the objective.
Macroscopic length measurements were made with a screw-type engineer's
dividers and weight determinations were made on a Mettler H6T balance.
Most of the photomicrography was done by the author during the tenure 'of
an appointment as a summer visiting scientist at the Institute of Forest Genetics,
Rhinelander, Wisconsin. The photomicrographic apparatus consisted of a Wild
microscope and optics and a 4 x' 5 camera: Polaroid 4 x 5 positive-negative film
was used arid all illustrations were prepared from contact prints of ,the ,negatives. A tungsten light source was used ' for most of the bright-field and phasecontrast micrographs while a mercury burner (HBO 200) was used for fluorescence and polarized light micrographs.
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EX ,T ERNAL MORPHOLOGY
N CULTURE the unstratified decoated seeds exhibited the epigeous germination typical of soil-germinated pine seeds (cf. Chamberlain, 1935; Foster and
Gifford, 1959) and were quite similar to soil-grown seedlings except that they
grew much more uniformly and rapidly in culture; germination of unstratified
seed planted in soil takes 30-120 days and is very erratic (Forest Service, 1948;
Stone, 1957).
The total growth kinetics with respect to seedling length are presented in
Figure I. The second inflection point is similar to the one present in the kinetic
diagrams for excised embryos in the inverted tube cultures (Berlyn and Miksche, 1965) and may represent the point where foliar photosynthetic production
exceeds energy consumption (a compensation point) required for needle growth
and development. Note that by the third day there was externally .measurable
growth (maximum of 13.4 mm). Thus the suggested embryo dormancy factor
(cf. Forest Service, 1948, p. 272; Stone, 1957; Stone and Duffield, 1950) does
not appear to hold in these 2-year-old seeds and at least the major portion of
the dormancy of these seeds may be attributable to the seed coat. Furthermore
the 80 percent germination that can be consistently attained in culture is well
above the average of 56 percent for soil-grown, stratified seed. These results are
generally consistent with those of Stone (1957) who found that decoating
I-year-old seed (but not 3o-month-old seed) substituted for stratification. However, we have also been able to grow excised embryos from four-year-old seed
(stored at 5°C) which again casts doubt on the concept of embryo dormancy in
sugar pine. It may be that, with increasing time, inhibitors diffuse from the seed
coat into the gametophyte and perhaps eventually into the embryo. Fresh
weight compiled during the first eight days had the same form (belonged to the
same family of curves) as the corresponding length diagram and hence the two
measures were linearly correlated (Figure 2) as evidenced by the highly significant linear correlation coefficient of 0.984 wherein 97 percent of the variation as
measured by the swns of squares is attributable to linear regression (Ostle,
1954, p. 180; Snedecor, 1956, p. 182). Such closely correlated relationships further establish the feasibility of the culture system for quantitative investigations.
Thus the culture system is not only appealing from a theoretical point of view
but also from an experimental or empirical viewpoint.
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LATE EMBRYOLOGY
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N LATE (post-cleavage) embryogeny the sugar pine embryo changes from a
smooth and rather narrow paraboloid which is structurally continuous with
its suspensor (like Figure 3 in Berlyn, 1962) to a less symmetric structure. This
latter configuration results from a preferentially transverse orientation of division planes in the upper (distal) portion of the embryo axis. The root initial
zone is established and the epicotyl develops as an anlage flanked by regions
that define the cotyledonary buttresses (cf. Figure 9 in Berlyn, 1962). Thus, at
this stage the embryo comprises the suspensor, root initials and root cap region,
hypocotyl-shoot axis, and epicotyl. As a consequence of the interpretation of the
cotyledons as foliar structures, the distal portion of the embryo, which gives
rise to both the cotyledons and the epicotyl, is considered a shoot apex (Spurr,
1949)·
Development of the hypocotyl-shoot axis is almost entirely due to intercalary
growth; the included tissues (dermal, vascular, fundamental) develop t"n st"tu.
The delineation of epidermis poses a problem because in Pt"nus it has· a continuous form of development, Le. it undergoes change from its inception until it is
finally sloughed off by the periderm. Lacking a comprehensive cytohistochemical and physiological study the stages of epidermal development are classified
by terms of convenience which mayor may not have additional ontogenetic
significance; after the 16-celled proembryo stage the outer layer of the embryo
is recognized as the protoderm (cf. Haberlandt, 1914). The outer boundary of
the stem apex and the superficial layer of the root cap and suspensor are excluded from this designation. Since the pine embryo has no mature vascular
tissue and no well differentiated leaf primordia, the term epidermis is not applied to the dermal system until germination (cf. Esau, 1965b, p. 71).
The incipient pith is the first tissue evident in the hypocotyl-shoot and its
presence is denoted by a concentration of transverse divisions, cell enlargement
and vacuolization. Pith initially differentiates in the upper portion of the region
between the epicotyl and root initials. The course of differentiation proceeds
acropetally toward the epicotyl and basipetally toward the root initials. The procambium begins to form slightly later than the pith but at a lower level. Cortical
differentiation is initiated after the onset of procambial formation. There is
close association between procambium formation and the preliminary phases of
cotyledon formation, but the procambium is clearly evident before the formation
of discrete cotyledonary primordia.
10

LATE EMBRYOLOGY
Long uninucleate, multinucleolar, secretory cells differentiate early in the
ground rneristem (prospective cortical region) of the hypocotyl-shoot axis before
discrete cotyledonary primordia appear. They eventually extend into the mesophyll of the cotyledons to form a disjoint but inclusive system extending from
the cortical zone just above the level of the root meristem through the cotyledons. The secretory cells are distributed subdermally and randomly in the cortex. In contrast to the condition reported for Pinus strobus by Spurr (1949),
there are no vascular secretory cells that consistently border (and define the
limits of) the procambium of Pinus lambertiana. This topic will be further
developed in the succeeding sections of this bulletin.
The massive root cap differentiates as a column (a central cylinder of cells.
organized as a rib meristem) and a peripheral region which are conditionally
independent; that is, although the two components are coordinated developmentally the column does not make any substantial contribution of cells to the
peripheral region, but rather it maintains its internal integrity of cell lineage..
The column and peripheral region of Pinus are histochemically as well as
cytologically distinct; the column is tannin free and less acid-fuchsinophylic
than the peripheral region and the cell vacuoles are less acid in the column (cf..
Zirkle, 1932).
This section sets the anatomical background for a study of the structure of
germination, a study which necessarily begins with an anatomical analysis of
the mature dormant embryo, i.e., the germinating embryo at time zero.
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FIGURE 3. Frequency distribution function for embryo length in Pinus lambertz"ana.

DORMANT EMBRYO
of slight excrescences at the flanks of the epicotyl, which denote the sites of
future needle primordia.
A cross-sectional view of the stem apical meristem about 60 p. from the .top
of the apex is shown in Figure 8. In this individual there are 12 cotyledons, each
with a clearly evident procambial strand. A close-up of a strand is presented in
Figure 9. The protophloic procambium can be morphologically separated from
the rest of the procambium. The xylic procambium can be located positionally
as the procambium most centripetal (adaxial direction) from phloic procambium. The validity of this interpretation is established in the study of the more
advanced phases of germination. Figure 10 illustrates the cross section of the
epicotyl about 100 P. lower than that shown in Figure 9. The elliptical nature .of
the basal region of the meristem is clearly evident.
H ypocotyl-Shoot Axis
The individual cotyledonary procambial traces (see Figure 8) exist as separate columns for a short distance in the upper portion of the hypocotyl before
they coalesce into a procambial ring. Below this insertion point the concentric
siphonostelic arrangement of the procambial system is gradually rearranged
into a stele with four to six poles of xylem, indicating a transition from stemlike to root-like anatomy (Figure I I). However, a pith is always present in the
hypocotyl and was even retained in the primary root for theI20-day time span
covered in these investigations. The cortex is a hollow cylinder 12-15 cells
thick and consists of cells with dimensions on the order of 12 microns in length
by 18 microns in diameter (Figures 11-12). The pith consists of a solid cylinder
about IS cells in diameter and is composed of cells ca. 36 microns long and 10
microns in cross-sectional diameter (cf. Figures 11-12). Bordering the procambium on the cortical side are several layers of perivascular cells '(therefore
at least positionally pericycle) and these are distinguishable from the cortical
parenchyma by their smaller dimensions and lack of inter-cellular spaces (Figure
12). Endodermis is not morphologically obvious in the embryonic hypocotyl; nor
was there clear evidence for phi layers (Wilcox, 1962) or periderm. Resin duct
cells (incipient epithelial parenchyma) located at the termina of xylic procambial
arcs are identified as a circular group of differentially staining, vacuolate cells
(Figure 12); the ducts form schizogenously but only after germination. This
location is not the same as that indicated by Spurr (1950, Figures I and 3) for
Pinus strobus; however, careful consideration of the later stages also indicates
that Spurr's analysis is not correct.
In the hypocotyl-shoot axis it is again clear that the procambium can be
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THE STRUCTURE OF ·GERMINATION
separated into the larger protophloic procambium and the remaining procambium. The delineation of the rest of procambium into metaphloic procambium,
xylic procambium, and residual procambium is not so easy, but by tracing back
from the seedling stages the positional relationships can be established (Figure
12). The protophloic procambial cells average about 150-250 microns in length
and are approximately 20 microns in diameter. Each cell possesses a (single)
multinucleolar nucleus which is essentially a prolate spheroid with dimensions
40 microns by 12.5 microns (Figure 13). The cytoplasm is multivacuolate
(Figure 14). The end walls of these distinctive cells are incrusted with a
heavily safranophilic material (Figure 13). The chemical nature of the incrusting material has not as yet been determined. Cross sections of the end walls
were not obtained in the dormant material, presumably because of their occlusion
by the incrusting material; however, in seven-day seedlings it was possible to
make preparations of the flattened end walls and these revealed large, simple pits
resembling a sieve plate (Figure 15). The cellulosic filaments are firmly attached
to the isotropic matrix. These protophloem "sieve cells" (sometimes referred to
as precursory phloem because of their lack of sieve pitting) are vertically aligned
for some distance and their analogy (if not homology) with angiospermous sieve
tubes is apparent despite the heresy of such a definition. Evert and Alfieri (1965)
similarly noted that even sieve cells in secondary phloem of conifers were remarkably similar to the sieve elements of angiosperms.
In contrast to the massive protophloic procambial cells the xylic procambial
cells are much reduced in dimension, averaging on the order of 70-120 microns
long by 10-12 microns in diameter. The multinucleolarnuclei, however, are
about 35 microns long by 7 microns in diameter (Figure 16) and possess a
complex internal structure that appears to include membranes, plastids and
possibly vacuoles. These xylic nuclei will not degenerate as rapidly as those of
the phloic cells. The variations in dimension and structure of nuclei appear to
be correlated with the pattern of differentiation-particularly with wall formation.
The secretory cells (subdermal and intracortical) are still intact in the mature
embryo (Figure 17) but their lightly staining nuclei (Figure 18) and crystalline
packed nucleoli give evidence ofsenescence (see Kordan, 1964, for a report on
birefringent materials in nucleoli). The remarkably large nuclei of these cells
are ca. 80 microns long by 13 microns wide. The cytoplasm is quite diffuse and
of low stainability. Spurr (1949, 1950) speculates that secretory cells may have
a translocatory function in embryogeny which is transformed to excretory
activity in the mature and germinating embryo. Shortly after germination these
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EARLY GERMINATION
TONE (1957), Stanley (1958), Stanley and Conn (1957), and Goo (1956)
have studied the physiology of the germinating pine embryos with respect
to water absorption and respiration. According to Stanley (1958), germination
in sugar pine begins when the embryo contains approximately 23 percent of the
seed moisture. This marks the initiation of the first active state of water absorp-tion which is followed by a steady state condition; this plateau is then followed
by the third phase characterized by rapid water absorption. In Pinus thunbe1 gii
cell division supposedly begins in phase 2 and becomes rapid in phase 3 (Goo"
1956). Goo also studied the composition of reserve foods in the dormant Pinus
thunbergii seed and their subsequent utilization during germination (see also
Katsuta, 1961). The reserve foods consist of ca. 90 percent fats and proteins..
The fats are rapidly oxidized and there is a migration of nitrogenous compounds from the gametophyte into the embryo. In dormancy the gametophyte
also contains considerable starch, but by the time of radicle emergence the
starch content of the gametophyte is virtually nil. Conversely, the embryo gains
in starch content as germination proceeds. Protein synthesis is not evident in the
gametophyte, but, as expected, proceeds rapidly in the embryo during the course
of germination.
,In the typical ,epigeous germinations observed in the cultured gaIIletophytes
the radicle elongates first; subsequently the cotyledons begin actively to elongate
and are gradually elevated by hypocotyl development. As reported for Pinus
thunbergii (Goo, 1952), cell division in sugar pine begins almost simultaneously
throughout the embryo with a slight lag in the stem and root meristem regions.
Measurable cellular growth occurs in the first day of explantation (of decoated,
unstratified seeds). At three to four days after explantation to culture tubes, the
shoot apex enters the first pastochron (Figure 19). The apical initials enlarge
and are less safranophylic. Cytohistological zonation is clearly evident. This
four-day apex is structurally similar to the 8-day apex of this species illustrated
by Fosket and Miksche (1966, Figure 9); the fact that these authors used scarified and partially stratified (30 days) intact seeds planted in perlite and yielding somewhat irregular germination may partially account for developmental
discrepancies with the present investigation.
In the histochemical investigation by Fosket and Miksche (1966) on the
germinating sugar pine shoot apex, the 8-day apex, apparently in the first
plastochron and thus corresponding to the apex in Figure 19, is compared with
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THE STRUCTURE OF GERMINATION
the level illustrated in Figure 24. The status of differentiation decreases basipetally from the point illustrated in Figure 26 and reaches a minimum in the
root initial region (Figure 27). Thus, proceeding basipetally in the hypocotyl
from the shoot apex there is first a pattern of increasing differentiation. (with a
transition from stem-like to root-like anatomy) reaching a maximum below
mid-hypocotyl; subsequently the pattern of differentiation reverses and terminates in a meristematic 'minimum at the root initial region.
In addition to the intense mitotic activity in the apical meristems at this stage
there is also considerable intercalary cell division and elongation in the hypocotyl (Figure 28) . Note the cytoplasmic degeneration in the intracortical secretory cell.
With increasing plastochrons cytohistological zonation in the -shoot apex is
accentuated; Figure 29 shows a multi-plastochronic eight-day apex. Following
this period there begins a phase (8-15 days) of extremely rapid needle formation
and proliferation without evident internodal elongation. This results in an
asymmetrically shaped apex (Figure 30) whose cytohistological zones show
indistinct boundaries. The apex illustrated in Figure 30 has just entered the
phase of rapid leaf proliferation. There is cell division in all regions of the apex
at this time including the apical initial zone. A cross-sectional view of the apex
and its weakly spiral phyllotaxy is given in Figure 31. This phase is analogous
to that described for Pt'nus ponderosa by Tepper (1964), although in P.lambert£ana the cytohistological zones are never completely indistinguishable. This
may be a function of relative growth rate, but the data are not really comparable
due to differing environmental conditions of the investigations.
During the 8-15-day period there is considerable primary vascularization in
the hypocotyl. A vascular bundle in the upper hypocotyl (near the insertion
point) is shown in 'Figure 32. The metaphloem (MP) is well differentiated
here and a cambial region is organizing in the center of the bundle. There is,
however, no secondary xylem. This strand can be compared with the four-day
material illustrated in Figures 22 and 23. At this stage (Figure 32) the protophloem cells are already beginning to show evidence of senescence; the protoplast is highly vacuolate and nucleoli often contain masses of birefringent material (Figure 33). Note that the cross section of the thickened primary wall
exhibits nearly maximum birefringence which indicates a transverse or statistically transverse orientation of the cellulose micelles (see Berlyn, 1964 and
Mark, 1965, for a discussion of cell wall fine structure and the analytical procedures used in this laboratory).
Like the protophloic nucleoli, secretory cell nucleoli (Figure 34) are packed
22
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